SUMMARY Fluctuating asymmetry (FA) is considered to provide a means of evaluating developmental stability and to reflect an individual's quality or the stress experienced during development. Stress is predicted to increase the phenotypic variation of both FA and trait size. In this study we examined the effect of a particular heat shock on both FA and size of eyespots in the butterfly, Bicyclus anynana. We also examined whether those eyespots thought to be involved in partner choice and sexual selection were particularly sensitive to stress. We applied a heat shock of 39.5 Њ C for 3 h before, during, and after a sensitive period in eyespot development.
Introduction
A developing organism is likely to encounter forms of stress of environmental and genetic origin (Parsons 1990 ). Fluctuating asymmetry (FA) describes small nondirectional deviations from bilateral symmetry. FA is thought to provide a means of evaluating developmental stability or the capacity of individuals to buffer development against the disruptive effects of developmental stress (Van Valen 1962; Palmer and Strobeck 1986, 1992; Palmer 1994; Markow 1995) . If there are no a priori reasons to assume significant differences between individuals in developmental stability, then FA may be used as a reliable indicator of stress (Leary and Allendorf 1989) . Results from several studies have been inconsistent, however. FA does not always increase under stress, and if so, it seems to do so in a trait-specific way (Bjorksten et al. 2000; Clarke et al. 2000) . In this study we examined the effect of a particular heat shock on both FA and size of eyespots in the butterfly, Bicyclus anynana . We also examined whether those eyespots thought to be involved in partner choice and sexual selection were particularly sensitive to the shock.
It is hypothesized that the development of sexual ornaments is weakly stabilized due to their presumed recent history of directional selection (experimental evidence reviewed by Møller and Swaddle 1997) . Furthermore, The development of these traits are proposed to be highly condition dependent and thereby more likely to show higher levels of FA and a greater variability in trait size and FA (Møller 1990 ). It thus follows that sexual traits are more likely to respond to stress than homologous nonsexual traits (Hunt and Simmons 1997; Woods et al. 1999; Bjorksten et al. 2000) . However, the results of six studies reported by Bjorksten et al. (2000) testing these hypotheses are also inconsistent.
The wings of the tropical butterfly B. anynana have eyespots on both their ventral and dorsal surfaces. Each eyespot consists of concentric rings of different color centered around a white "pupil." The development of these eyespots is progressively specified in four stages Brunetti et al. 2001) (Fig. 1A) . In the first stage, during the last larval instar, the transcription factor Distal-less ( Dll ) is expressed in a prepattern in the developing wing disks. In the second stage, organizing groups of cells called foci are established in the particular areas of the larval wing disk destined to become the pupil areas of each adult eyespot. The expression of Dll and other developmental genes is upregulated in the cells of an eyespot focus. In the third stage, covering the first 24 h after pupation, an information gradient is established around each focus apparently by focal signaling. This is then interpreted by surrounding cells to determine which color pigments will be produced later, just before adult eclosion (fourth stage). Brunetti et al. (2001) showed that developmental genes are also expressed at this stage in a pattern that reflects the color rings in an adult eyespot. The period of focal signaling and pattern determination represents a sensitive period for environmental stress (Brakefield 1997) . We thus have a system for which the developmental mechanisms are well known, and we are able to examine how stress during the sensitive period affects FA of the adult phenotype. Each eyespot is formed by the same developmental pathway. However, although the dorsal forewing eyespots are secondary sexual traits, the ventral eyespots play a clear role as anti-predator devices (Brakefield and Breuker 1996; Breuker and Brakefield 2002) .
We examine in this study whether FA is a reliable indicator of stress by observing if FA and the variation in FA of eyespots in B. anynana increase as a result of a specific known stress. Bjorksten et al. (2000) proposed that trait size Bicyclus anynana wings with the five study eyespots as measured for each treatment and for each sex. WL, an index of wing length, was measured as the distance between the white pupils of the two dorsal eyespots (interfocal distance). DF1, anterior eyespot of the dorsal forewing; DF2, posterior eyespot of the dorsal forewing; VF1, anterior eyespot of the ventral forewing; VF2, posterior eyespot of the ventral forewing; VHW, ventral hindwing.
may be a more reliable indicator of stress than FA. We therefore also tested this alternative and examined whether trait size would change and variation in trait size would increase as a result of stress and compared the trait size results with the FA results. In addition, we asked whether sexually selected traits are particularly sensitive to stress by comparing the responses to stress in dorsal and ventral eyespots. Brakefield (1997) found that eyespot FA only reflected a period of cold temperature stress when it coincided with the period of pattern determination. We therefore applied a heat stress of 39.5 Њ C for 3 h before, during, and after the proposed sensitive period for eyespot development and compared the responses with the stress between the different treatments. We predicted that the responses would be most pronounced when the shock was applied during the sensitive period of eyespot development.
Materials and Methods

Experimental animals and heat shock
The B. anynana butterflies used in this experiment were derived from a pure breeding laboratory stock, which was established from a founder stock of about 80 gravid females collected in Malawi in 1988 . Adult population size has always been maintained at over 400 butterflies.
Two replicate experiments were carried out consecutively but under the same conditions. In both replicates approximately 900 larvae were raised without food stress to butterflies on young maize plants, in a climate room at 27 Њ C, 12:12-h light:dark, and high relative humidity. The very first and last animals to pupate during each day were not used. The larvae were collected individually approximately 48 h before applying the heat treatment, thereby minimizing the risk of confounding the effects of the temperature shock with those of any handling effect. The collected animals were then placed in small plastic pots and about 24 h before pupation assigned at random to the different experimental groups. The heat shocks (3 h at 39.5 Ϯ 0.2 Њ C) were applied at either the prepupal stage (i.e., approximately 12 h before pupation) or at 1 h (early sensitive period), 14 h (mid-sensitive period), 25 h (just outside the sensitive period), or 62 h (late larval, well out of sensitive period) after pupation (Fig. 1A) . A highly accurate Snijders™ climate cabinet (Snijders Scientific BV, Tilburg, The Netherlands) was used (12:12-h light:dark, relative humidity Ϯ 80%, same as rearing conditions). Control pupae were maintained at 27 Њ C. These constitute the six different treatments. This temperature shock did not result in increased mortality as compared with the controls, excluding any possibility of differential mortality (results not shown). Exposing the pupae for 2 or more hours to a temperature of 39.5 Њ C significantly increases mortality above background levels. For this reason the heat shock is likely to be a developmental stress.
We used a pilot experiment to determine that this shock increased the production of HSP60, thus indicating that the animals had been exposed to an extreme temperature, which might be regarded as a stress. The production of other heat shock proteins (Hsps), like the commonly investigated HSP70 and HSP90, was also examined, but the commercially available antibodies were ineffective in our samples. To visualize the production of Hsps, a sample of heat-shocked animals of the five treatments were either immediately frozen at Ϫ 80 Њ C after the heat shock or given a recovery time of 13 h and then frozen at Ϫ 80 Њ C (cf. Fittinghoff and Riddiford 1990) . HSP60 production was visualized using Western blotting (protocols are described by Lundebye et al. 1995) . We used mouse anti-HSP60 (LK1) monoclonal antibody (StressGen Biotechnologies Corp., Victoria, British Columbia, Canada) as the primary antibody. We used anti-mouse IgC (DAKO A/S, Glostrup, Denmark) as the secondary antibodies. Before gel loading, samples were standardized for total protein content by means of a bicinchononic acid (BCA) assay (Pierce Biochemicals, Rockford, IL, USA) according to the manufacturer's instructions.
Measurements
Measurements on the size (in mm 2 ) of the black ring of five eyespots (Fig. 1B) were carried out using a WILD binocular microscope (Wild, Heerbrugg, Switzerland) attached to a digitizing tablet (10 ϫ ). The five eyespots are the anterior eyespot of the dorsal (DF1) and ventral forewing (VF1), the posterior eyespot of the dorsal (DF2) and ventral (VF2) forewing, and the largest eyespot of the ventral hindwing (VHW) The sexual traits are the two dorsal eyespots (DF1 and DF2). Size was determined by the interfocal distance (also labeled wing length, WL). This is the distance between the centers (foci) of the dorsal eyespots. Each trait was measured twice for each individual, with repeated measurements made 5 days apart. Individuals were measured at random with respect to experimental group, without knowledge of their treatment and without reference to earlier measurements. Repeatabilities of the measurements were very high (99.3-99.8%). There was no significant heterogeneity in measurement error between the two replicate experiments and across populations, traits, and sexes (using the methods described by Van Dongen et al. 1999a ). Furthermore, it was ascertained that there were no systematic errors, for example, due to possible nonperpendicular measurements stemming from the use of a binocular microscope.
Statistical analyses
The FA analyses were carried out according to Palmer and Strobeck (2003) . The sequential Bonferroni procedure was applied to each set of related tests to avoid making type I errors. The results of both experimental replicates did not differ significantly from each other, and the data were pooled. Males and females were analyzed separately. Using Grubb's test statistic (t G ; Palmer and Strobeck 2003) , 105 of 1547 (6.8%) animals were considered to be outliers and were discarded from the analyses. In general, the asymmetry value for one or more of the five traits of these outliers differed by more than 3 standard deviations from the mean signed asymmetry value.
Phenotypic variation in individual FA (see index below) and trait size was estimated by means of the coefficient of variation (CV FA and trait size CV ϭ √ (VAR/mean 2 ); Gangestad and Thornhill 1999) . For each treatment, FA did not significantly correlate with trait size or size of the animal (i.e., WL). Part of the FA variation could, however, be explained by size differences among traits but not among treatments. We therefore divided FA1 (the absolute differences between the sides) by the mean trait size of all treatments together. This is FA19, which resembles FA3 for the multisample case (Palmer and Strobeck 2003) . This standardization enables the comparison of traits differing significantly in size. FA19 values were transformed before applying parametric tests that assume normality because they are half-normally distributed. For each sex, we applied Box-Cox power Table 1 . Descriptive statistics for FA in the six treatments for each sex transformations (Leamy 1999; Van Dongen et al. 1999b; Fuller and Houle 2003) of the form (FA19 ϩ 0.000001) to achieve normality (females, ϭ 0.24; males, ϭ 0.32). CFA19 is the sum of transformed FA19 values of each eyespot per individual and was used to test for differences in FA between the treatments combining information from various traits (CFA19 is comparable with both CFA1 and CFA2 of Leung et al. 2000) . This method increases the likelihood of detecting a pattern in FA differences related to the heat treatment (Leung et al. 2000) .
To test for departures from ideal FA, distributions of the signed differences between left and right were tested for departures from normality and a mean of 0, using kurtosis, skewness, and a t-test (Palmer 1994) . Of 60 tests, there was only one significant kurtosis, one significant skew, and two traits showed DA (two sexes, five traits, and six treatments; Table 1 ). When DA was present, the mean signed difference was subtracted from the individual signed difference between the sides before calculating the FA19 values.
Factors used in the different analyses of variance (ANOVAs) are replicate measurements, populations, sides, traits, individuals, and samples. A two-factor ANOVA following Palmer (1994) , with sides as a fixed effect and individuals as a random effect, using replicate measures enabled us to calculate FA10 (between-sides variance after partitioning out ME) because the side ϫ individual interaction was substantially greater than measurement error variance in all ANOVAs (P ϽϽ 0.001). These values were compared with each other using F tests. The appropriate degrees of freedom were calculated using the formula provided by Palmer (1994) . Furthermore, modified Levene's tests for heterogeneity of variances were carried out to investigate the variability in levels of individual FA, trait FA, and treatment FA (Palmer 1994) .
Significance is at the 0.05 level. All analyses were carried out with the statistical software package MINITAB 12.22 (MINITAB Inc., State College, PA, USA).
Results
Heat shock protein production
The production of HSP60 was visualized by means of Western blotting, an example of which can be found in Figure 2A . All heat-shocked animals produced similar bands. Measurements of the areas of the bands of four such gels showed a significant increase in the production of HSP60 between controls and heat-shocked animals, whether allowed a recovery or not (Kruskal-Wallis: H ϭ 17.28, df ϭ 1, P ϽϽ 0.001). The increase in HSP60 was somewhat greater in animals allowed to recover for 13 h from the heat shock ( Fig. 2B ; three replicates per treatment, Kruskal-Wallis: H ϭ 21.77, df ϭ 1, P ϽϽ 0.001). There were no significant differences between the temperature treatments (Kruskal-Wallis P ϾϾ 0.90). The production of Hsps starts during a stress but usually increases after the stress has been removed to buffer development . We conclude that it is highly probable that the heat shock has been a stress during development for the butterflies.
Differences in FA between the treatments
The 105 outliers of 1547 animals (6.8%) were distributed randomly across sexes, traits, and treatments. Thus, the heat stress did not result in more developmental abnormalities (chi-square analysis with frequency distribution of outliers per treatment across sexes and traits: 2 ϭ 1.89, df ϭ 5, P ϭ 0.87).
A mere 14 of the 150 possible pair-wise comparisons (comparing treatments per trait and per sex) using FA10, from which ME has been partitioned out (Palmer 1994) , were significant (Fig. 3) . These significant results are due to a relatively low FA10 value of DF2 in the control females (four significant comparisons, nr 1 in Fig. 3A) , high FA10 value of DF1 in the 1-h females (four significant comparisons, nr 2 in Fig. 3A) , and high FA10 value of VHW in the control males (four significant comparisons, nr 3 in Fig. 3B ; see also Table  1 ). Taking into account only the sign of the comparison (aϩ for higher FA, aϪ for lower FA) across traits and samples (stressed vs. nonstressed), there were no significant patterns in FA (all possible one-proportion tests, P Ͼ 0.05). One-way ANOVA results using CFA19 and the factor treatment show the same result for each sex (females: F 5,632 ϭ 0.63, P ϭ 0.68;
Fig. 2. Western blots showing HSP60 production in Bicyclus anynana. (A)
Western blot comparing HSP60 production between heat-stressed animals (3 h at 39.5ЊC) and controls. Lanes: 1, 1 h; 2, control; 3, 14 h; 4, control; 5, 25 h; 6, control. (B) Western blot comparing HSP60 production between heat-stressed 1-h-old animals that were not allowed to recover (lanes 1-3) and those that were allowed to recover for 13 h (lanes 4-6).
males: F 5,798 ϭ 1.31, P ϭ 0.26). Combining the information on the sexual traits only (CFA19 sexual ) yields the same result (females: F 5,632 ϭ 0.94, P ϭ 0.45; males: F 5,798 ϭ 1.32, P ϭ 0.26). Thus, there is no indication that the applied stress resulted in differences in FA of the eyespots between control (nonstressed) animals and animals at any stage of eyespot development or that there were any differences between dorsal and ventral eyespots in their response to the stress.
Differences in FA among traits
The five eyespots differ significantly from each other in FA (120 F-test comparisons between trait within each sample and sex, P ϽϽ0.001). The lines indicating levels of FA in Figure 3 do not cross each other, with one exception (nr 4 in Fig. 3A) , as FA10 values of DF1, DF2, and DF1 are not significantly different in the 14-h females. The first dorsal eyespot (DF1) has clearly the highest FA in each sex. The average (box-cox transformed) FA19 values of the sexual traits (DF1 and DF2) is significantly higher than that of the nonsexual traits for each sex (ANOVA results combining data from treatments, females: F 1,1274 ϭ 105.5, P ϽϽ 0.001; males: F 1,1274 ϭ 53.6, P ϽϽ 0.001).
Besides F tests, it is also possible to use a modified Levene's test for heterogeneity of variances with individuals as a random effect and trait as a fixed effect, per treatment and sex (Palmer 1994) . The F values for both these effects were consistently highly significant (P ϽϽ 0.001), indicating that traits differed significantly in the stability of their development and that the level of developmental stability varied significantly among individuals.
In general, within each sex the FA of a particular eyespot correlates poorly with the FA of another eyespot (120 possible regression results: R 2 between 0.0% and 6.3%). This analysis includes traits expected to be highly correlated, such as the two sexual traits (DF1 and DF2) (R 2 between 0.1% and 4.5%). Most associations are, however, positive (90/120: one-proportion test P ϽϽ 0.001).
Differences in size between the treatments
There were no significant size (WL) differences between the different treatments; only females were significantly larger than males (nested ANOVA: F 1,1430 sex ϭ 2507.0, P ϽϽ 0.001; F 1,1430 treatment (sex) ϭ 1.70, P ϭ 0.076). Size (average (RϩL)/2) of each eyespot correlated significantly (P Ͻ 0.05) with WL within each treatment for the females (positive relationships, R 2 between 4.3% and 34.8%) but only in males for VF2 and VHW (positive relationships, R 2 between 5.3% and 35.9% and nonsignificantly between 0.0% and 9.4% for the other traits). To examine the effect of the heat stress on eyespot size, we therefore corrected the trait values by dividing by WL when there was a significant association.
The size of each eyespot did not change as a result of the stress in either sex (Fig. 3, C and D, and Table 1 ). Although differences in eyespot size existed between treatments (7/10 ANOVAs testing for size differences were significant, P Ͻ 0.05), there is no consistent relation to stage of development. For each eyespot and sex, the differences between the control animals and the heat-stressed animals were never significant (Tukey pair-wise comparisons, P Ͼ 0.05). The heat stress applied in the middle of the proposed sensitive period for eyespot development (14 h) led to a reduction in eyespot size in 7 of 10 cases compared with the controls. This, however, was not significant (one-proportion test, P ϭ 0.344). Furthermore, there is no indication that the size of the two dorsal eyespots (DF1 and DF2) responded differently to the stress than the ventral eyespots (Fig. 3, C and D) .
FA and trait size variability among individuals
The results of the modified Levene's test given above indicated significant variability among individuals in levels of FA. However, this variability did not change as a result of the applied stress as shown by the CV FA values for each sex (Table 1; using all eyespots Kruskal-Wallis, females: H ϭ 2.08, df ϭ 5, P ϭ 0.84; males: H ϭ 5.08, df ϭ 5, P ϭ 0.41; using only dorsal eyespots Kruskal-Wallis, females: H ϭ 4.92, df ϭ 5, P ϭ 0.43; males: H ϭ 10.23, df ϭ 5, P ϭ 0.07). The dorsal eyespots tended to be more variable in FA than the ventral ones (Kruskal-Wallis tests using CV FA values of all treatments, females: H ϭ 8.96, df ϭ 4, P ϭ 0.062; males: H ϭ 9.85, df ϭ 4, P ϭ 0.043). The mean CV FA of the dorsal eyespots is 75.4 in the males and 74.4 in the females, and the mean CV FA of the ventral eyespots is 69.5 in the males and 69.9 in the females (Table 1) . These results indicate that eyespots closely related to sexual selection show higher levels of variability for FA than eyespots associated with other aspects of fitness, such as survival, but that these levels did not change significantly as a result of the stress.
Similar results were obtained when examining the CV of trait size. Again, there are no significant differences between treatments in males or females either when taking all five eyespots into account (Kruskal-Wallis, females: H ϭ 0.37, df ϭ 5, P ϭ 0.996; males: H ϭ 1.02, df ϭ 5, P ϭ 0.96) or only the two dorsal eyespots (Kruskal-Wallis, females: H ϭ 0.62, df ϭ 5, P ϭ 0.987; males: H ϭ 2.62, df ϭ 5, P ϭ 0.76). The trait size CV of the dorsal eyespots was significantly higher than that of the ventral eyespots in each sex (KruskalWallis using trait size CV values of all treatments, females: H ϭ 25.6, df ϭ 4, P ϽϽ 0.001; males: H ϭ 26.6, df ϭ 4, P ϽϽ 0.001). The average trait size CV for the dorsal eyespots was 37.9 for males and 32.1 for females. These values are consistent with the CV values of traits under sexual selection (Gangestad and Thornhill 1999) . The average trait size CV of the ventral eyespots is much lower, 22.0 for males and 22.7 for females.
Discussion
Numerous studies have reported that the adult eyespot pattern of various species of Nymphalinae and Lycaenidae butterflies may show aberrations due to temperature extremes during wing pattern development (reviewed by Brakefield 1984) . The absence of any effect of heat shock on the frequency of developmental abnormalities in this study suggests that some earlier interpretations of increases in such "aberrations" in this context require further analysis.
Eyespot FA and CV FA did not increase as a result of the heat shock, but neither did trait size change nor the variation in trait size increase. The timing of the heat shock had no effect on developmental instability. In particular, heat shocks applied within what we can assume from our knowledge of developmental mechanisms to be the sensitive period in eyespot formation do not induce any additional FA. This compares closely with our findings in a previous study in which we applied a heat stress of 39.5ЊC for 5 h during the sensitive period of eyespot development to examine the effects of a selection for higher developmental stability (Breuker and Brakefield, unpublished results). It is contradictory, however, with the results of Brakefield (1997) , who found a response in FA to a temperature shock during the sensitive period. However, he used a cold shock of 3ЊC for a much longer period of 24 h. This seems to indicate that a cold shock may be a more appropriate stress (Zijlstra et al. 2001) . Studies applying a temperature stress to Lepidoptera have mostly used low temperatures (Yocum et al. 1991; Denlinger et al. 1992; Kim and Kim 1997; Lewthwaite et al. 1998) .
The pupae exposed to a short heat shock did produce significantly more Hsps such as HSP60, which induce thermotolerance and stabilize development (Morimoto et al. 1997; Feder and Hofmann 1999) . Hsps may, however, also have negative effects on development and fitness. Their synthesis, maintenance, and degradation could consume large portions of the (developing) cell's energy and amino acid reserves and preoccupy the machinery of protein synthesis. Large amounts of Hsps may further interfere with ongoing processes in the cell. Overexpression of Hsps may even be deleterious (Feder et al. 1995; Feder 1997, 1998; Feder and Hofmann 1999) . In other words, if the stress is severe enough the Hsps themselves may turn against the cells they are designed to protect and thus lower survival and de-velopmental stability, and hence in theory increase FA. The Hsps that were identified belonged to the HSP60 family. These proteins stabilize preexisting proteins under stress conditions such as a heat shock and provide a refuge for proteins to fold to their normal confirmations, which protects them from reactive elements in the cytoplasm (Langer et al. 1992; Martin et al. 1992) . The finding that animals that were allowed to recover from the heat shock for 13 h showed even higher levels of HSP60 suggests that production started during the heat shock and continued for some time after the shock to repair sustained damage and stabilize further development. This lends support to the idea that the shock had been a stress.
There are thus two, not mutually exclusive, possible explanations for the observed FA and trait size patterns: (a) Both FA and the alternative, trait size, are not reliable indicators of stress (supported by many studies reviewed by Bjorksten et al 2000) but Hsps may be (Buchanan 2000) , and (b) the amounts of Hsps produced were sufficient to stabilize development of the shocked pupae but not to stop normal development and thus increase mortality and developmental instability (cf. Feder and Hofmann 1999; Rutherford 2000; Klingenberg 2003) .
The FA and CV FA of the dorsal forewing eyespots is higher than the ventral (nonsexual) eyespots, and males show higher FA for these traits than females. This is consistent with the hypothesis that the development of sexual ornaments is weakly canalized due to their recent history of directional selection. Sexually selected traits are furthermore proposed to be highly condition dependent and thereby more likely to show higher FA. The CV variation for the size of the dorsal eyespots is between 30 and 40, which is indicative of a trait under (very) strong directional selection (Gangestad and Thornhill 1999) . The dorsal eyespots did not respond to heat shock any differently than ventral eyespots. If, however, the developing individuals were capable of successfully reducing the impact of the heat shock by means of Hsps, we cannot reject or confirm our hypothesis that a potential stress increases the level of FA (Bjorksten et al. 2000) .
This study shows that for a specific trait where it is known at which stage of development a potentially (severe) stress is most likely to affect developmental precision, we nevertheless do not find a response in terms of increased FA in this trait. The presence of increased amounts of Hsps may not only reflect the impact of a stress but may also indicate the mechanism by which (developing) organisms buffer themselves against its harmful effects. The results demonstrate how unwise it is to assume any given relationship between environmental stress and FA. Even though the applied stress was designed to increase FA, this was not observed. However, an earlier experimental study of the same eyespot pattern, using a different stress but applied at a similar stage of development, did yield some increase of eyespot FA (Brakefield 1997). This illustrates how the effect on FA is likely to be highly dependent on the precise nature of the stress. Furthermore, it emphasizes that use of the FA of any set of traits as an index of exposure to environmental stress can be misleading without robust examination of the assumptions concerning the underlying developmental mechanisms. The chosen traits may simply lack sensitivity during ontogeny to a particular stress such that no effect on FA is detected even with exposure to stress.
